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A  test  program  was  designed  to  investigate  test  methods  utilized  for  high 
dose  rate  e-beam  testing  of  semiconductor  components.  Several  methods  used 
to  vary  the  exposure  dose  were  investigated  including  the  variation  of  drift 
chamber  pressure  and  length  as  well  as  beam  aperturing.  The  photo  response 
obtained  for  a  1N916  diode  at  the  HIFX  and  Hermes  facilities  were  in  agree¬ 
ment  for  the  various  modes  of  apparation.  In  addition,  it  was  found  that 
acceptable  dose  measurements  can  be  performed  at  the  high  intensities  if  the 


dosimeters  are  placed  in  close  proximity  to  the  device  under  test. 
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SECTION  1 
INTRODUCTION 


The  test  program  described  below  was  designed  to  investigate  test 
methods  for  both  real  time  and  post  exposure  electrical  characterization  of 
semiconductor  components  exposed  to  high  dose  rate  {>  10  rad(Si)/s)  Flash 
X  Ray  (FXR)  electron  beam  sources.  To  accomplish  this,  a  test  proqram  was 
developed  to  investigate  methods  of  testing  the  devices  when  exposed  in  air, 
vacuum,  and  partial  vacuum  with  inter-comparisons  with  photon  exposure  re¬ 
sults,  The  e-beam  results  should  correlate  directly  with  the  photon  results. 

The  test  devices  were  exposed  at  facilities  having  substantially  different 
outputs  with  respect  to  beam  current,  electron  energy  and  output  pulse  width, 
in  order  to  assess  any  machine  parameter  effects  on  the  applicable  test  methods. 

The  methodology  utilized  to  vary  the  dose  rate  at  the  test  Dart 
location  was  investigated.  These  included  the  variation  in  drift  chamber 
length  (under  high  vacuum  conditions,  the  dose  at  the  end  of  the  drift 
chamber  decreases  with  increasing  length),  the  variation  of  the  chamber  qas 
pressure  (the  e-beam  tranport  efficiency  varied  as  a  function  of  chamber 
pressure)  and  the  variation  of  aperture  size  (the  apertures  restrict  the 
amount  of  beam  current  transported  down  the  drift  chamber).  Finally,  dosi¬ 
metry  methods  were  investigated  using  copper  foil  thermocouple  and 
thermistor  colorimeters  and  thermoluminescent  dosimeters  (TLD's)  to  cover 
the  dose  range  of  1  Krad(Si)  to  ~  10^  rad(Si). 

The  program  was  performed  jointly  with  personnel  from  AWRE  of  the 
United  Kingdom,  Sandia  National  Laboratory  and  Mission  Research  Corporation. 

The  subject  of  this  report  is  limited  to  the  beam  transport,  dosimetry 
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techniques,  the  1N916  diode  radiation  response,  and  the  test  techniques 
utilized  at  the  Harry  Diamond  Laboratories  HIFX  and  SNLA  Hermes  facilities. 

At  the  HIFX  facility,  the  devices  were  exposed  in  the  bremsstrah- 
lung  mode  in  air  at  atmospheric  pressure,  the  electron  beam  mode  in  air  at 
atmospheric  pressure  and  the  electron  beam  mode  in  high  and  partial  vacuum. 
Both  electron  beam  aperturing  and  the  variation  of  the  electron  beam  drift 
chamber  pressure  and  length  were  used  to  vary  the  dose  exposure  levels. 

The  primary  photocurrent  was  recorded  over  a  dose  rate  range  of  3  x  10^° 
rad(Si)/s  to  6  x  10^  rad(Si)/s. 

The  devices  were  exposed  in  the  bremsstrahlung  and  partial  vacuum 

e-beam  mode  at  the  Hermes  facility.  Electron  aperturing  and  drift  chamber 

pressure  variation  were  utilized  to  vary  the  dose  exposure  levels.  The 

11  12 

photo  response  was  recorded  over  a  dose  rate  range  of  3.4  x  10  to  10 
rad(Si )/s. 

In  addition  a  brief  section  discussing  the  electron  beam  transport 
in  a  gaseous  medium  is  included  in  an  attempt  to  explain  the  differences 
(dose  versus  pressure  responses)  observed  at  the  HIFX  and  Hermes  facilities. 


SECTION  2 
DOSIMETRY 

The  object  of  dosimetry  is  to  quantitatively  describe  a  radiation 
environment.  If  it  is  to  be  useful,  a  description  of  the  radiation  environ¬ 
ment  must  be  relevant  to  the  radiation  effect  being  studied.  The  calorime¬ 
ters  described  here  were  specifically  designed  for  comparison  with  ionization- 
induced  primary  photocurrent  in  silicon  solid-state  devices  (such  as  diodes). 
These  thin  calorimeters  determine  the  dose  by  measuring  the  temperature  rise 
in  a  small  piece  of  copper.  Since  the  temperature  rise  can  be  converted  to 
energy  deposition  (dose)  by  the  specific  heat  of  copper,  the  measurement  is 
a  direct  determination  of  the  average  dose  in  the  sample  independent  of  the 
type  of  radiation  particle  or  its  energy. 

Copper  was  selected  because  of  its  good  sensitivity,  its  ease  of 
construction,  and  the  availability  of  materials.  Two  types  of  calorimeters 
were  utilized.  One  type  used  a  Chrome!  Alumel  thermocouple  to  measure  the 
temperature  rise  in  the  copper  and  the  other  type  utilized  a  thermistor  as 
the  temperature  sensing  element.  In  addition,  thermoluminescent  dosimeters 
(TLD's)  were  also  utilized  during  the  program  as  a  cross  correlation.  A 
discussion  of  the  calorimeters  and  a  comparison  with  the  TLD  results  is 
presented  below. 

CONSTRUCTION 

Several  factors  were  taken  into  account  in  the  design  of  the 
calorimeters.  They  were  suspended  by  styrofoam  blocks  and  the  temperature 
sensing  element  was  attached  with  a  small  amount  of  thermally  conductive 
epoxy.  The  copper  foil  was  -  0.6  cm  diameter  disc.  The  calorimeter 


measurements  at  the  HIFX  facility  utilized  a  2.54  *  10  cm  thick  foil  while 
the  later  measurements  performed  at  the  Hermes  facility  included  three  thick¬ 
nesses  of  foil  (2.5  x  10  3  cm,  1.5  x  10  ^  cm  and  2.8  x  10~^  cm). 

THEORY 

Radiation  incident  upon  copper  block  manifests  itself  as  a  tempera¬ 
ture  rise  which  can  be  converted  to  energy  deposition  (dose)  by  the  specific 
heat  of  copper.  The  measurement  is  a  direct  determination  of  the  average 
dose  in  the  sample,  independent  of  the  type  of  radiation  particle  or  its 
energy,  and  is  traceable  to  NBS  standards  (NBS  Circular  500,  Part  1,  1952). 

The  specific  heat  capacity  for  copper  is  0.092  cal/g/°C  at  25°C.  This  can 
be  directly  converted  to  3.85  x  10^  rad(Cu)/°C  by  using  the  conversion  factor 
4.19  x  lo7  erg/cal  and  100  erg/g-rad.  The  response  of  the  chromel -al umel 
thermocouple  at  room  temperature  is  40  pV/°C  +  1  p.V/°C.  Therefore, the  re¬ 
sponse  of  our  copper  calorimeter  is  964  rad(Cu)/M,V .  The  thermistor  calori¬ 
meter  is  calibrated  against  the  thermocouple  calorimeter  and  its  sensitivity 
is  dependent  on  the  resistance  value  of  the  thermistor  selected  and  the 
measuring  circuit.  Table  1  lists  the  comparisons  between  the  thermocouple 
calorimeter  response  and  the  thermistor  calorimeter  response  for  HIFX  shot 
number  3022  through  3038.  It  can  be  seen  from  the  data  that  large  variations 
in  the  thermistor  sensitivity  exist.  This  is  due  to  temperature  variations 
in  the  value  of  the  thermistor  resistance  which  results  in  a  different 
R  vs  T  response  at  different  temperatures.  The  ratio  of  resistance  change  per 
unit  temperature  change  divided  by  the  resistance  remains  approximately  con¬ 
stant.  Fortunately  the  sensitivity  of  the  thermocouple  calorimeters  was 
sufficient  to  allow  dose  measurements  down  to  =  1  x  10  rad(Si).  The  ther¬ 
mistor  calorimeters  were  =  370  times  more  sensitive  than  the  thermocouple 
calorimeters,  resulting  in  a  calibration  factor  of  2.6  rad(Cu)/pV. 

To  be  useful  for  the  characterization  of  silicon  semiconductor  de¬ 
vices,  it  is  necessary  to  convert  from  rad(Cu)  to  rad(Si).  An  expression 
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Table  1.  Comparison  between  the  thermocouple  and 
thermistor  calorimeter  responses  for  HIFX 
shot  numbers  3022  through  3038.  Thermo¬ 
couple  amplifier  sensitivity  200x  ther- 
mister  amplifier  sensitivity. 


Shot  Thermocouple  Calorimeter  Thermistor  Calorimeter 

Number  response  ( rad (Si)/  inch  response  rad(Si)/inch 


3022 

4.25  : 

X  103 

2.3 

X 

103 

3023 

2.1 

>• 

103 

3024 

2.2 

V 

103 

3025 

2.3 

X 

103 

3026 

2.4 

X 

103 

3027 

> 

2.4 

X 

103 

3028 

Y 

No  Data 

3031 

3032 

4.25 

103 

3 

X 

103 

3033 

2.5 

>, 

io3 

3034 

1 

1  .8 

\ 

io3 

3035 

2.6 

v 

103 

3036 

3.0 

- 

io3 

3037 

2.1 

X 

io3 

3038 

> 

f 

1  .8 

V 

io3 

X  =  2.3  >  103 
t  =  0.4  ■  103 
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describing  the  energy  loss  by  inelastic  collision  of  electrons  is  given 

2 

by  equation  1  (Ref.  1)  for  E  »m  c  , 


-dE 

dx 


2 it  Ne4Z 


m  c 
o 


log 


0) 


where 


and 


x  =  path  length  in  centimeters, 

N  =  number  per  cubic  centimeter  =  (Avogadro's  #  x  density 
atomic  weight), 

-19 

e  =  electronic  charge  =  1.6x10  coulombs, 

Z  =  atomic  number, 

E  =  the  electron  energy  (kinetic), 

2  5 

mQc  =  electron  rest  mass  energy  ~  5.1  *  10  eV, 

I  =  the  mean  excitation  potential  =  276  eV  for  copper, 

I  =  150  eV  for  silicon. 


Converting  the 


energy  loss  per  cm  to  energy  loss  per  g/cm 


2 


we  obtain 


dE  _  2  n  Ne4Z 

■“2 
c  o 

0 


(2) 


2 

where  x'  is  the  path  length  in  g/cm  and  n  =  density  of  the  material  in  gm/ 
3 

cm  .  Since  N  =  Av  p/A  where  Av  is  Avogadro’s  number  and  A  is  the  atomic 
weight  we  obtain 


^dE 

dx' 


2n  Av  p  e  Z 

.  7 

A  m  c  p 


log 


log 


o 


„  "  2".  2 
2  m  c  I 
o 


1 


(3) 


1.  Experimental  Nuclear  Physics,  Vol .  1,  E.  Seqre,  John  Wiley  A  Sons,  1953. 
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Therefore  using 


Z(Cu)=  29 
Z(Si)=  14 

A(Cu)=  63.54  ,  and 
A( Si )=  28.09  ,  and 

using  an  average  energy  of  5  Mev  we  obtain 


Cu 

—  =  0.866 

dE_  I 

dx'  I  Si 

or  1  rad(Si)  -1.155  rad(Cu). 


(4) 


An  analysis  of  the  heat  transfer  characteristics  between  the  copper 
calorimeter  and  its  environment  is  essential  for  the  design  of  any  calori¬ 
metry  system.  The  heat  transfer  problem  can  be  divided  into  three  distinct 
phenomena  -  convection,  radiation  and  conduction. 


Convection  currents  can  be  substantially  eliminated  by  surrounding 
the  copper  disc  with  styrofoam.  Thus,  this  mode  of  heat  transfer  can  be  re¬ 
duced  to  negligible  levels  when  compared  to  the  other  modes. 

The  heat  loss  by  radiation  is  described  by  the  Stephen-Bol tzman 

relation: 

H  =  c*A  (T4  -  Tq4),  (5) 

where  r  =  emissitivity  of  copper  0.05, 

't>  =  Stephen-Bol  tzman  constant  =  1.36  v  10  ^cal/cm^-°K4-s , 

T  =  the  absolute  temperature  of  the  calorimeter  after  exposure, 

T  =  the  absolute  temperature  of  the  environment,  and 

0  2 
A  =  the  total  area  of  the  sensing  element  =  .6  cm  . 


Mil  nl  'll  »-  c 


,  v  +'*mu<r  -rwfc--:  +***.  *>»*»•  .•  t 


/,,/  -ajl-'/it-tt*  - 


The  temperature  rise  for  a  ~  45  Krad  radiation  pulse  is  ~1°C. 

Therefore  the  steady  state  rate  of  heat  flow  per  unit  time  is  ~3  10~6 

cal/s  using  273°K  for  T  and  274°K  for  T. 

3  o 

The  transport  of  heat  along  a  thermal  gradient  by  intermolecular 
collision  is  called  conductive  heat  transfer  and  is  given  by  Fourier's  law 


H  =  -K.,  A  — 
th  Ox 


where  H  =  rate  of  heat  flow  (cal/s), 

x  =  length  of  heat  path  (cm), 

o 

A  =  cross  sectional  area  available  for  the  flow  (cm  ), 

9T  =  the  temperature  gradient  (°C/cm),  and 

2 

Kth  =  thermal  conductivity  coefficient  [(cal-cm)/(cm  -s-°C)]. 

This  equation  applies  to  the  temperature  sensing  element  lead  wires  and  also 
the  trapped  air  between  the  copper  element  and  the  external  ambient. 

For  the  chromel-alumel  wires  used 

A  =  5  x  io"6  cm2, 

=  .041  cal -cm/cm2-s-°C, 

Ox  =  0.6,  and 
9T  =  1°C. 

Therefore,  the  total  heat  flow  through  the  leads  is,  H  4.5  v  10~7  cal/s 
for  a  one  degree  C  temperature  rise.  Similarly,  for  the  trapped  air, 

A  =  0.6  cm2, 

Kth  =  5.7  x  io’5  cal-cm/cm2-s-°C, 

Ox  =  .12  cm, 

0T  =  1°C, 
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and  the  heat  loss  H  =  2.9  x  10  cal/s,  again  for  a  1°C  temperature  rise. 
It  is  clear  from  the  above  that  the  dominant  heat  loss  mechanism  at  least 
for  small  dose  exposures  (~  50  Krad)  is  the  trapped  air. 


The  theoretical  time  constant  for  the  calorimeter  is  given  by 


T  .  Sh  p V 
T  H 


(7) 


where  Sh  is  the  specific  heat  (.09  cal/cm-°C)  p  is  the  density  of  copper 
(8.9  g/cm^),  V  is  the  volume  (8  x  10"^  cm^)  of  the  copper  disc,  and  H  is  the 
heat  loss  rate  (cal/s)  for  a  1°C  AT.  This  yields  a  thermal  time  constant  of 
x  =  2  s  for  the  1  mil  foil  calorimeter,  x  =  12  for  a  6  mil  foil  and  22  s 
for  an  11  mil  foil . 


A  typical  high  chart  speed  for  1  mil  foil  thermocouple  response 
is  shown  in  Figure  1  for  Hermes  shot  number  18233.  It  is  evident  from  this 
figure  that  there  are  multiple  (at  least  two)  thermal  decay  time  constants. 
The  slow  decay  response  was  subtracted  from  the  background  signal  and  the 
initial  response  decayed  with  x  =  0.4  s.  This  is  faster  than  the  calculated 
value  of  2  s  from  above  and  indicates  that  the  peak  of  the  calorimeter  re¬ 
sponse  is  the  correct  point  to  measure.  It  is  believed  that  the  slow  com¬ 
ponent  of  the  thermal  decay  is  caused  by  the  close  proximity  of  the  calori¬ 
meters  to  a  large  amount  of  aluminum.  The  aluminum  also  rises  in  temperature 
and  the  heat  loss  from  calorimeter  foil  is  reduced  due  to  the  reduced  AT. 
Therefore  for  longer  times  the  calorimeters  will  decay  as  the  nearby  aluminum 
decays . 

I - »t  =  1  sec- - -  l 


Figure  1.  A  typical  high  speed,  1  mil  foil,  thermo¬ 
couple  response  from  Hermes  shot  #18233. 
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A  comparison  between  the  1  mil  and  6  mil  foil  calorimeter  re¬ 
sponses  and  decays  was  also  performed.  These  results  are  tabulated  in 
Table  2  and  shown  in  Figure  2.  As  can  be  seen  there  is  very  good  agreement 
between  the  peak  response  of  both  the  foils,  further  indication  that  the 
correct  dose  is  obtained  if  the  peak  in  the  response  is  read.  On  a  few  of 
the  earlier  calorimeter  records,  the  noise  precluded  an  accurate  measurement 
of  the  peak  response.  Therefore  the  later  data  (Table  2)  were  used  to  es¬ 
tablish  the  ratio  between  the  peak  response  and  the  1  s  response  so  that 
the  peak  response  of  the  earlier  noisy  data  could  be  obtained  from  the  1  s 
response  point. 

Table  2.  Comparison  between  the  1  mil  calorimeter  and 

6  mil  calorimeter  response  at  Hermes.  Calori¬ 
meters  spaced  0.25  cm. 


Front  Calorimeter  Rear  Calorimeter 


Shot  # 

Dose  (rad(Si)) 

(1  mil,  t 1 ~  6  s)* 

Dose  (rad(Si) 

(6  mil,  x ' -  20  s)* 

Ratio 

18242 

16.8 

K 

15.6 

K 

1.08 

18243 

12 

K 

13.0 

K 

.93 

18244 

14.9 

K 

14.9 

K 

1.0 

18245 

14.9 

K 

13.9 

K 

1  .07 

18246 

15.4 

K 

15.8 

K 

.97 

18247 

12 

K 

11.5 

K 

1 .04 

18248 

12.5 

K 

12.5 

K 

1 .00 

18249 

63.4 

K 

60 

K 

1 .06 

18250 

78.7 

K 

78.7 

K 

1  .00 

18251 

142 

K 

125 

K 

1.14 

*  i'  =  -  1 

("£)■ 

1 

x  =  1.03 
o  =  0.06 
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mi  1 1 

1  mill 

j _ i _ i _ i _ i 

C  1.0  2.0  3.0  4.0 

time  (sec) 

Figure  2.  Calorimeter  response  for  a  1  mil  and 
6  mil  foil  calorimeter.  Hermes  shot 
#18241 . 

The  beam  uniformity  was  measured  at  the  HIFX  and  Hermes  facilities 
using  an  array  of  nine  calorimeters  arranged  in  a  cross  pattern.  At  the  HIFX 
facility,  the  beam  uniformity  was  measured  at  the  15  cm  position  and  at  the 
160  cm  position.  These  results  are  shown  in  Figure  3  where  the  dose  is  in 
rads(Si).  A  similar  measurement  was  performed  at  the  Hermes  facility  and 
these  results  are  shown  in  Figure  4.  As  can  be  seen  from  these  figures, 
reasonable  uniformity,  at  least  on  a  relatively  large  scale,  was  obtained 
for  the  operating  parameters  listed. 

A  careful  comparison  between  the  calorimeter  response  and  the  TLD’s 
was  performed  at  the  Hermes  facility  for  shot  numbers  18242  through  18266. 

The  geometry  of  the  test  setup  is  shown  in  Figure  5.  The  results  of  this 
comparison  are  shown  plotted  in  Figure  6  where  the  average  calorimeter  dose 
in  rad(Si)  is  plotted  against  the  average  TLD  reading.  As  can  be  seen  the 
results  agree  quite  well  and  indicate  that  a  strong  correlation  can  be  ob¬ 
tained  when  they  are  placed  in  very  close  proximity.  A  summary  of  the 
average  TLD  responses  versus  the  average  copper  calorimeter  response  for  the 
HIFX  facility  tests  and  for  the  Hermes  facility  test  are  listed  in  Tables  3 
and  4  respectively.  These  results  do  not  correlate  nearly  as  well  and 
indicate  that  large  spacial  variations  probably  exist  in  the  electron  beam 
field  as  well  as  in  the  gamma  ray  field  since  the  TLD's  were  located  approx¬ 
imately  1  to  2  cm  from  the  test  part  center  position. 
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15  cm  position  Pressure  -  Hi  Vac  160  cm  position 

HIFX  Shot  #3020  HIFX  Shot  #3021 


Figure  3.  Beam  uniformity  measurement  at  the 

HIFX  facility  (dose  in  rad(Si)  x  104). 


Hermes  Shot  #18201 

o 

© 

)©0©0 
o 
o 


Hermes  Shot  #18202 


o 

© 


o 


Pressure  2  Torr 
1 . 1  meters  from 
anode 


Figure  4.  Beam  uniformity  measurement  at  the 

Hermes  facility  (dose  in  rad(Si)  x  10^). 
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TLD  #1 


Copper  calorimeter  #1 


Copper  calorimeter  #2 


TLD  if 3  [TLD  #4 

I*  ~  1 .  ?  cm  *1 

Figure  5.  Schematic  diagram  of  the  test  configuration 
for  Hemes  Shot  #'s  18242  through  18266. 


Table  3.  Comparison  of  copper  calorimeter  response 
to  the  TLD  response  at  HIFX. 


Dose  (rads(Si))  corrected  rads(Cu) 


Table  4.  Comparision  of  copper  calorimeter  response 
to  the  TLD  response  at  Hermes 


Shot  # 


Calorimeter 

Dose  rad( Si) 

TLD 

rad( 

Dose 

!Si) 

5.6 

X 

104 

1 .4 

X 

105 

1.3 

X 

105 

2.3 

X 

105 

2.5 

X 

IO4 

5 

X 

104 

1.2 

X 

105 

2.4 

X 

105 

1.8 

X 

105 

3.6 

X 

105 

1.1 

X 

105 

1.9 

X 

105 

2.1 

X 

105 

3.5 

X 

105 

2.2 

X 

105 

3.8 

X 

105 

9.1 

X 

104 

2.9 

X 

105 

8.5 

X 

104 

2.4 

X 

105 

4.8 

X 

105 

1.2 

X 

105 

8.3 

X 

104 

1.9 

X 

105 

6.6 

X 

104 

1.4 

X 

105 

1.1 

X 

105 

1.7 

X 

105 

5.0 

X 

104 

6.2 

X 

104 

2.3 

X 

104 

2.7 

X 

io4 

3.3 

X 

104 

3.1 

X 

io4 

3.1 

X 

104 

2.6 

X 

104 

1.4 

X 

104 

1.2 

X 

io4 

2.1 

X 

105 

2.5 

X 

io5 

6.1 

X 

104 

6 

X 

in4 

1.2 

X 

105 

2.1 

X 

io5 

Table  4.  (continued) 


Copper 

Calorimeter  TLD  Dose 


Dose 

Dose 

rad( Sfl) 

rad 

(Si) 

18240 

1.6 

X 

105 

2.0 

x  10 

18241 

1.1 

X 

105 

2.9 

x  10 

18242 

1.9 

X 

104 5 

1.7 

x  10 

18243 

1.4 

X 

104 

1.5 

x  10 

18244 

1 .7 

X 

104 

1 .7 

x  10 

18245 

1.6 

X 

104 

1.2 

x  10 

18248 

1.4 

X 

104 

1.3 

x  10 

18249 

7.1 

X 

104 

7.4 

x  10 

18250 

9.1 

X 

104 

7.4 

x  10 

18252 

1.2 

X 

105 

1.2 

x  10 

18253 

1.4 

X 

105 

1.7 

x  10 

18254 

1.1 

X 

105 

1.4 

x  10 

18255 

1.0 

X 

105 

1.6 

x  10 

18256 

1.4 

X 

105 

— 

18257 

1.5 

X 

105 

2.1 

x  10 

18258 

1 .7 

X 

104 

1.8 

x  10 

18259 

7.1 

X 

104 

8.0 

x  10 

18260 

-- 

18261 

1 .0 

X 

105 

1.2 

x  10 

18262 

3.2 

X 

105 

4.3 

x  10 

18263 

-- 

-- 

18264 

4.9 

X 

104 

5.2 

x  10 

18265 

8.5 

X 

104 

9.1 

x  10 

18266 

1.6 

X 

105 

2.0 

x  10 

5 

5 

4 

4 

4 

4 

4 

4 

4 

5 
5 
5 
5 

5 

4 

4 

5 
5 

4 

4 

5 
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To  summarize,  acceptable  dose  measurements  can  be  performed  at 
high  intensities  if  the  dosimeters  are  placed  in  close  proximity  to  the 
device  under  test  by  using  either  calorimeters  or  TLD's.  To  adequately 
determine  the  dose  for  highly  diverging  beams,  devices  should  be  instru¬ 
mented  with  dosimeters  front  and  rear. 
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SECTION  3 

ELECTRON  BEAM  TRANSPORT 


Several  methods  and  combinations  were  utilized  to  vary  the  test 
part  dose  exposure.  These  included  varying  the  electron  drift  chamber 
length  (at  HIFX  only),  varying  the  beam  aperture  size,  and  varying  the 
drift  chamber  pressure  for  the  e-beam  exposure  tests.  For  the  photon  mode 
tests,  the  converter  to  test  part  distance  was  varied. 

The  variation  of  aperture  size  for  HIFX  is  shown  in  Figure  7 
and  for  Hermes  in  Figure  8.  These  show  a  decrease  in  dose  with  decreasing 
aperture  size  with  the  exception  of  the  Hermes  four  inch  aperture.  The 
shots  using  the  four  inch  aperture  were  anomalous  low  output  double  hump 
shots.  The  variation  in  dose  with  increasing  drift  chamber  length  at  HIFX 
showed  a  weak  inverse  length  dependance.  The  dose  decreased  from  6.4  x  104 
rads(Si )/pulse  for  a  15  cm  drift  chamber  length  to  1.8  x  104  rad  at  the  160 
cm  position  at  hi qh  vacuum  and  no  apperature.  The  gamma  dose  vs.  distance 
for  the  Hermes  facility  is  shown  in  Figure  9  and  decreases  with  distance 
as  expected. 

The  technique  of  varying  the  drift  chamber  pressure  to  accomplish 
variations  in  test  part  dose  exposures  was  utilized  at  both  the  HIFX  and 
the  Hermes  facilities  as  the  primary  method  of  dose  variation.  The  re¬ 
sponses  measured  at  the  HIFX  facility  are  shown  in  Figure  10  and  the  re¬ 
sponse  measured  previously  at  the  Hermes  facility  is  shown  in  Figure  11. 

As  can  be  seen  from  these  figures,  the  responses  at  the  two  facilities  are 
different.  The  HIFX  response  was  the  lowest  in  high  vacuum,  peaked  at 
~0.5  Torr  and  decreased  for  increasing  pressures  to  85  Torr.  It  was  also 
observed  that  if  the  pressure  in  the  HIFX  drift  chamber  was  maintained  by 
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in  vacuum  160  cm 
in  air  @  160  cm 


Figure  10.  HIFX  dose  response  vs.  pressure. 


Figure  11.  Hermes  beam  transport  response  vs  pressure 
(from  Sandia  data  shot  f's  17671  through 
17680  +  17668). 

sealing  off  the  chamber,  as  opposed  to  pumping  against  a  steady  leak,  that 

the  dose  on  subsequent  shots  increased  substantially.  (These  are  the  ver¬ 
tical  bars  in  Figure  10).  The  Hermes  response  increased  from  2  Torr  (the 
lowest  pressure  operated  at  for  Hermes)  at  higher  pressures.  In  addition, 
at  the  HIFX  facility,  the  diode  was  tested  at  atmospheric  pressure  air 
behind  a  thin  drift  chamber  window  as  well  as  inside  the  drift  chamber. 
Similar  diode  responses  were  obtained  by  both  methods  (see  the  Diode  Test 
Section)  however  testing  outside  of  a  thin  window  proved  to  be  more  conven¬ 
ient  and  eliminated  the  problems  of  partial  vacuum,  air  ionization  inter¬ 
ferences  (caused  by  the  50V  diode  test  bias  level)  when  the  diode  was  mounted 
inside  the  drift  chamber. 
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To  account  for  the  observed  differences  in  dose  vs  pressure  at  the 
Hermes  and  HIFX  facilities,  the  effects  of  the  electron  beam  propagation 
parameters  on  the  beam  propagation  wore  examined  and  are  presented  below. 

The  radial  electrostatic  forces  on  an  electron  at  the  outer  edge 
of  a  paraxial  electron  beam  of  length  1,  which  is  much  greater  than  the  beam 
diameter  is  given  by, 


where 


q  =  electronic  charge  {1.6  *  10~19  coulombs), 
Er  =  radial  electric  field  in  volts  per  meter, 
?  =  v/c, 

I  =  electron  beam  current, 

a  =  the  electron  beam  diameter, 

p  =  permeability  of  free  space,  and 

c  =  permitivity  of  free  space. 


(8) 


The  radial  electrostatic  force  on  an  electron  at  the  outer  edge 
of  a  column  of  ions  is  the  negative  of  equation  8  since  the  electrostatic 
force  is  attractive.  Therefore,  the  net  Coulombic  force  on  an  outer  edge 
electron  is  given  by. 


Fr  = 


(1  -  f). 


(9) 


where  we  have  defined  the  quantity  f  to  be  the  ratio  of  ion  to  electron  den¬ 
sities.  When  f  =  1  the  beam  is  space  charge  neutralized. 


Similarly,  the  radial  magnetic  force  on  an  outer  electron  due  to 
the  magnetic  field  of  the  electron  beam  is  given  by. 


r.: : 
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Fr  =  - 


(10) 


The  net  force  (electrostatic  and  magnetic),  per  electron,  on  an  outer  edge 
electron  can  be  expressed  as. 


F  net 


I 


electron  2v  a H 


(P  -  1  +f). 


(ID 


Since  the  electron  drift  chambers  utilized  was  only  partially  evacuated,  the 
electron  beams  would  also  scatter  outwardly.  An  expression  for  the  worst 
case  RMS  scattering  angle  (0),  traversing  a  scattering  material  of  thickness 
t  (in  gm/cm  )  which  is  thin  compared  to  the  electron  range,  is  given  by 
equation  12  below  where  E  is  21.2  Mev  (the  characteristic  energy  for 
scattering  in  air),  t‘  is  in  units  of  36.5  gm/cm  and  p  is  the  electron 
momentum. 


es2  r 


(pv) 


~2~  (Ref.  1) 


(12) 


Therefore  using 


“6  3 

1.7  x  10  g/(cm  Torr)  for  the  density  of  air  we  obtain 


4.6 


10 

>'  ‘ '  ‘2 

m  c 
o 


4\f 


1-  S 


VTp 


(13) 


where  P  is  in  Torr,  -  (the  thickness  of  the  scattering  media)  in  meters  and 
2 

pv  is  equal  to  B  E.  The  angle  theta  (''•')  represents  the  RMS  scattering  angle 
for  a  gaussian  distribution  of  the  incident  beam  (see  Figure  12). 


_ x 

t-»! 

1 

r 

Ui - 

Figure  12.  The  geometry  for  multiple  scattering 
through  a  foil  of  thickness  t. 
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An  electron  exiting  a  scatterer  at  an  angle,  0,  will  have  a  radial  component 
of  velocity  as  well  as  an  axial  component.  Therefore,  the  equivalent  force 
which  acted  on  the  electron  to  accelerate  it  to  its  final  radial  velocity 
can  be  calculated.  It  is  evident  from  Figure  12  that  the  radial  component 
of  velocity  is  the  axial  component  times  the  tan  0.  Therefore 

v  =  v  tan  0  (14) 

r  z 

the  equivalent  force,  F  =  ma  =  mdV/dt  where  dV  =  Vr  and  dt  =  the  time  of 
flight  through  the  scattering  medium.  If  we  assume  relativistic  electrons 
and  small  angles  of  0  then  At  =  £/$ c  where  £  is  the  length  of  the  chamber 
and  c  is  the  velocity  of  light.  Therefore, 

v  tan  0  mcv  tan  0 

F  ■  hr —  "  — I - •  (,5> 


Rearranging  terms  we  obtain,  for  the  equivalent  scattering  force. 


F 

s 


m  c2  62  tan  0  m  c2  P2  O 

o  n 


06) 


where  tan  0-0  for  small  0  was  used.  Using  Equation  13  for  0  we  obtain 


F 

s 


4.6  *  10 


V*P/i 


ev/meter. 


(17) 


Therefore  the  net  total  foce  on  an  outer  edge  electron  due  to  Coulomb,  mag¬ 
netic  and  the  equivalent  scattering  forces  can  be  expressed  as 


F 


net 


__I 

2  v  a  3 


60J 
a  3 


£ 

ev/meter 


(IB) 
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It  is  of  interest  to  assess  the  machine  parameter  effects  on  the 
net  force  as  expressed  in  Equation  18.  The  parameters  in  Equation  18,  which 
have  a  strong  machine  dependanse  are  f  (the  ratio  of  ion  to  electron  density), 
I  (the  beam  current),  m  c^/Vl  -  (the  mean  electron  energy)  and  '•  (the 
drift  chamber  length). 

To  calculate  the  pressure  at  which  space  charge  neutralization 
occurs  (f  =  1  in  Equation  18)  early  enough  in  the  pulse  (0  ~  0.1  Qmax)  to 
affect  transport,  the  number  of  ions  produced  as  a  function  of  pressure 
must  be  known. 


The  density  of  electrons  in  the  drift  chamber  is  given  by 


q  c  v 


(19) 


and  the  total  number  of  electrons  to  pass  through  the  drift  chamber  is 
given  by 


I  t 

q  pw 


(20) 


where  t  is  the  pulse  width. 

The  number  of  ions  generated  is  given  by  the  stopping  power  in 
air  times  the  density  of  air  divided  by  the  energy  loss  per  ion  pair,  times 
the  total  number  of  electrons  (n^.)  times  the  chamber  length.  Therefore 
the  ion  density  is  given  by 


o . 


n . 

i  _ 


4.8  *•  10 


-2  P 


(21) 


where  S  =  1.9  v  10^  eV  m'Vg  for  Hermes  and  1.6  v  10^  eV-m^/g  for  HIFX,  P 
is  the  drift  chamber  pressure  in  Torr,  •  is  the  drift  chamber  length  in 


meters  and  is  given  by  equation  20  above.  This  results  in  the  expression 
for  f  of 


f  = 


4.8  x  10“2  t  c 
P  pw 


(22) 


Therefore  f  =  137  P  for  Hermes  where  t  -50  ns  and  f  =  58  P  for  HIFX 

pw 

where  t  -25  ns.  If  we  add  requirement  that  the  beam  becomes  space 
charge  neutral  at  Q  =  0.1  Qmgx  we  obtain  space  charge  neutralization  at 
=  0.07  Torr  for  Hermes  and  =0.17  Torr  for  HIFX. 


At  higher  pressures  (after  space  charge  neutralization  is  achieved) 
the  effects  of  beam  scattering  can  become  significant.  For  comparison  pur¬ 
poses,  using  a  pressure  of  100  Torr  for  both  facilities,  we  obtain  an  equi- 

C 

valent  scattering  force  of  4.6  *  10  eV/meter  for  Hermes  (  i  -  1  meter)  and 
3.6  x  io5  eV/meter  for  HIFX  (  £=1.6  meter).  Although  this  force  is  small 
in  comparison  to  the  magnetic  force,  it  causes  the  beam  to  diverge.  The 
magnetic  force  confines  diverging  electrons  into  spiral  paths  (which  in¬ 
creases  the  path  length  and  hence  the  effects  of  scattering)  but  does  not 
provide  any  focusing  action  on  the  beam.  These  differences  could  explain 
the  differences  recorded  at  the  HIFX  and  Hermes  facilities. 


In  summary,  these  tests  have  demonstrated  that  dose  variations 
can  be  conveniently  and  reliably  achieved  by  variation  of  the  drift  chamber 
pressure.  The  techniques  of  variation  of  drift  chamber  length  and  aperture 
variation  arc  less  convenient  and  can  be  time  consuming. 
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DIODE  TEST 


The  purpose  of  the  diode  test  was  to  provide  a  test  device  of 
minimal  complexity  to  validate  the  test  methods  and  the  dosimetry  methods 
used  for  the  various  environments  at  the  two  facilities.  The  1N916  is  a 
high  frequency  diffused  diode  of  simple  rectangular  geometry  and  is  there¬ 
fore  an  ideal  device  for  this  purpose. 

It  is  desirable  to  completely  shield  the  test  circuit  from  the 
radiation.  However,  this  requires  long  connecting  leads  to  the  device  under 
test  which  introduces  parasitic  inductance  and  capacitance  forming  a  resonant 
circuit.  If  the  resonance  is  excited  by  the  rise  time  of  the  photo  current 
response  (which  follows  the  rise  time  of  the  radiation  pulse),  then  the  cir¬ 
cuit  will  oscillate.  Such  a  response  obtained  at  HIFX  is  shown  in  Figure  13. 
This  required  shortening  the  connecting  leads  to  such  a  degree  that  minimal 
circuit  shielding  was  possible  at  HIFX.  Therefore,  it  was  found  necessary 
to  reduce  the  radiation  induced  interference  signal  by  using  a  back-to-back 
transformer  configuration  as  shown  in  Figure  14.  At  the  Hermes  facility, 
the  rise  time  of  the  radiation  pulse  was  longer  allowing  longer  connecting 
leads  and  some  circuit  shielding.  The  Hermes  rise  time  was  approximately 
2.5  times  longer  than  the  HIFX  rise  time.  However,  the  back-to-back  trans¬ 
former  configuration  was  also  utilized  at  the  Hermes  facility. 

A  pair  of  diode  responses  obtained  at  HIFX  are  shown  in  Figure  15. 
As  can  be  seen  the  two  signals  are  not  symetrical,  as  would  be  the  case  in 
the  absence  of  an  interference.  A  differential  amplifier  was  used  to  cancel 
the  interference  and  a  typical  response  is  shown  in  Figure  16  which  shows 
the  photo  current  on  the  vertical  axis  (IV  =  1A)  and  the  time  on  the  hori¬ 
zontal  axis.  The  photo  charge  is  then  obtained  by  measuring  the  area  under 
the  curve,  ( I • t  =  Q  in  Coulombs)  and  dividing  by  two. 
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Figure  15.  Double  transformer  outputs  for  HIFX 

shot  #3031.  Upper  trace  is  transformer 
1  and  the  lower  trace  is  transformer  2. 
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Figure  16.  Differential  photo  response  for  HIFX 
shot  *3052  (lower  trace). 
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It  was  also  found  that  to  avoid  large  error  signals  coupled  into 
the  test  device  that  ground  planes  were  required  between  the  device  under 
test  and  any  dielectric  materials.  The  dielectrics  charge  up  and  noise 
could  be  capacitively  coupled  to  the  device  under  test.  For  these  tests, 
the  calorimeters  were  mounted  in  plastic  holders  and  had  to  be  isolated  in 
this  manner.  When  the  devices  were  tested  in  the  gamma  mode,  the  cables  re¬ 
quired  shielding  in  order  to  minimize  their  contribution  to  the  observed 
response.  A  short  coax  cable  will  have  a  radiation  response  similar  to  a 
fast  diode.  In  addition,  a  dummy  diode  (open)  was  used  as  an  indicator  of 
air  ionization  and  cable-current  contributions  to  the  signal. 

A  determination  of  the  expected  photo  response  for  the  1N916  de¬ 
vice  is  useful.  The  U.K.  personel  measured  the  photo  response  at  =  1.4  x 
-12 

10  Coulombs/rad(Si ) .  The  photo  response  of  a  1N914  diode  which  is  similar 

to  the  1N916  (except  for  twice  the  junction  capacitance)  has  an  average  photo 
-12 

response  of  1  *  10  Coulomb/rad(Si ) .  It  is  also  useful  to  calculate  the 

theoretical  response  from  the  physical  parameters  of  the  diode.  This  was 

.  -4  2 

done  using  a  measured  junction  area  of  2.6  ><10  cm  ,  an  assumed  background 

1 5 

doping  density  of  4  x  10  (from  the  100  V  breakdown  and  a  leakage  current 
of  10  na  at  50  V).  The  calculated  value  was  2.4  x  10"^  Coulomb/rad(Si ) 
which  is  in  the  ball  park  of  the  other  estimations. 

The  photo  response  versus  dose  (in  rad(Si))  obtained  at  the  HIFX 
and  Hermes  facilities  is  shown  in  Fiqure  17.  The  best  linear  straigth  line 

fit  for  the  centrally  weighted  data,  resulted  in  an  average  photo  response 

-12  „ 
of  1.5  x  10  Coulomb/rad(Si )  with  a  correlation  factor  of  0.98.  This  is 

in  good  aareement  with  the  predicted  response. 

Data  excluded  from  the  response  were  those  obtained  with  an  un¬ 
shielded  thermocouple  feedthrough  for  the  dose  measurments  and  those  data 
obtained  at  bias  levels  other  than  50  V. 
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Figure  17.  Summary  plot  of  the  Hermes  and 
HIFX  photo  response. 
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In  addition  the  e-beam  results  obtained  at  HIFX  where  the  diode 
was  mounted  inside  the  drift  chamber  agreed  quite  well  with  those  e-beam 
data  obtained  with  the  diode  mounted  outside  the  thin  window.  These  results 
are  tabulated  in  Table  5  for  each  type  of  exposure. 


Table  5.  Diode  response  for  electron  beam  exposure  in 
partial  vacuum  and  atmospheric  pressure  air. 


HIFX  Shot  ff 

Qpp/rad 

Exposure 

Envi ronment 

3044 

1.2 

X  10‘12 

Atmospheric  Air 

3045 

2 

X 

o 

1 

ro 

3046 

2.1 

x  10-12 

3048 

1.5 

X  10"12 

3049 

1.8 

X  10‘12 

X  = 

'  1.8  x  10"12 

a  = 

:  0.47  x  10"12 

3051 

1.3 

X  10-12 

Partial 

Vacuum 

3052 

1.5 

X  10'12 

1 

3053 

2.6 

X  10"12 

3054 

1.4 

X  10"12 

X  = 

-12 

1.7  x  10  ^ 

0.6  x  10"1 

a  = 
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SECTION  4 


CONCLUSIONS 


This  program  has  demonstrated  test  techniques  and  methods  for 
high  dose  rate  testing  using  FXR  machines  operated  in  the  e-beam  mode. 

It  was  found  that  the  dose  measured  by  either  TLD's  or  calorimeters  were 
in  agreement  if  the  devices  were  positioned  in  close  proximity  to  each 
other.  It  was  also  found  that  the  e-beam  irradiated  diode  response  agreed 
with  the  photon  irradiated  diode  response.  In  addition, concerning  the 
diode  tests,  it  was  shown  that  the  results  obtained  when  the  diode  was 
mounted  inside  the  drift  chamber  (partial  vacuum)  or  high  vacuum  agreed 
with  the  results  obtained  outside  the  drift  chamber  at  atmospheric  pressure. 
Since  the  atmospheric  pressure  measurements  are  more  easily  performed  (they 
do  not  require  vacuum  feedthroughs)  and  are  less  subject  to  air  ionization 
interference  signal,  they  are  preferred. 

Finally,  it  was  demonstrated  that  a  convenient  method  of  dose 
variation  was  accomplished  by  varying  the  drift  chamber  pressure,which  changes 
the  beam  propagation  parameters.  This  method  is  more  convenient  than  changing 
aperture  or  the  drift  chamber  length. 
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ATTN:  R.  Stehlin 
ATTN:  A.  Peletier 


TRW  Defense  &  Space  Sys  Group 
ATTN:  A.  Pavelko 
ATTN :  0 .  Adams 

ATTN:  P.  Guilfoyle 
ATTN:  H.  Holloway 
ATTN:  A.  Witteles 
ATTN:  R.  Kings  land 

TRW  Defense  &  Space  Sys  Group 
ATTN:  F.  Fay 
ATTN:  M.  Gorman 
ATTN:  R.  Kitter 
ATTN:  W.  Willis,  M/S  RI/2078 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Vought  Corp 

ATTN:  R.  Tomme 

ATTN:  Technical  Data  Center 

ATTN:  Library 

Westinghouse  Electric  Co 
ATTN:  L.  McPherson 

Westinghouse  Electric  Corp 
ATTN:  H.  Kalapaca 
ATTN:  D.  Crichi 
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